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Abstract 
Cross-coupling in piezoelectric transducer arrays is an undesirable phenomenon which decreases the 
performance of these devices. Indeed, when one element of a transducer is driven, it generates parasitic displacement 
fields at the radiating surfaces of the neighboring elements, which changes the directivity of the array. The objective 
of this paper is to investigate the cross-coupling effects on the piezoelectric transducer arrays performance and to 
propose solutions to reduce this parasitic phenomenon. In this context, it is demonstrated that a filling material 
having high mechanical losses contributes to the reduction of cross-coupling. In addition to this, a procedure of 
active cancellation of cross-coupling is successfully tested in the case of two transducer arrays vibrating in the 
transverse mode for the first prototype and thickness mode for the second one. Finally, the ability of the method is 
demonstrated even when the displacement at the radiating surface of the transducer array is not uniform. 
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1. Introduction 
Linear and phased piezoelectric transducer arrays are usually employed in medical imaging and NDT applications. The 
major purpose of ongoing and future researches in this area is to optimize the electroacoustic performance of ultrasonic 
transducers in order to obtain a high image resolution for more reliable and safe diagnostics. These efforts include the use of 
specific materials instead of the traditional piezoelectric ceramics, like single crystals LiNbO3, PMN-PT and PIMNT [1-4]. 
Piezo-composite materials [5-7] have also been proposed for high-frequency applications (≥ 20 MHz) such as ophthalmology, 
dermatology, and small animals. Similarly, silicon micro-machined transducers [8-9] have been developed to replace 
conventional piezo-ceramic arrays and electronic devices could thus be integrated on the same substrate. Nevertheless, 
cross-coupling which is associated with acoustic wave propagation between successive array elements is a problem for all 
these kinds of arrays as it is responsible for anomalous behavior in the directivity of the array. In order to understand this 
phenomenon, many researchers have studied the origins and effects of cross-coupling in transducer arrays by using numerical 
[10-13] and experimental methods [14-16]. Recently, Pyo and Roh [17] developed a simple equivalent circuit inspired by 
Masons' model to analyze cross-coupling in an underwater planar array. In this study, a Tonpliz transducer is used as a 
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projector and its neighboring bar elements as hydrophones. The elements are connected to each other by only an acoustic 
window (water), i.e. the spaces between elements are empty and the matching layers not considered. Consequently, the direct 
cross-coupling between elements is not considered. 
In literature research works devoted to the minimization of cross-coupling can be divided into three approaches. The first 
one investigates the contribution of the passive elements (filling material, matching layers, and backing) to the mechanical 
cross-coupling. The second solution consists in developing a systematic method for active cancellation of cross-coupling. The 
last method concerns specific treatments realized on the excitation and reception signals in order to reduce cross-coupling. In 
the first case, research works are dedicated particularly to the optimization of the filling material properties as an alternative to 
minimize mechanical cross-coupling. Branca et al. [18] proposed an empirical method based on the test of different filling 
materials utilized to manufacture eight transducer arrays. In this study, the choice of the suitable filling material is based on 
vibration measurements realized for each transducer array. The optimal filling material gave a reduction of cross-coupling 
about -10 dB in a PZT linear array. On the other hand, Lee and Roh [19] tested and optimized three structural variables such as 
the thickness of the matching layers, the width, and depth of the major and minor kerfs. The optimal structural variable gave a 
cross-coupling level -4.49 dB lower than that obtained in the literature. Concerning the optimization of the front matching 
layers, recent studies propose one or more layers with adequate acoustic impedances and a very low acoustic attenuation factor 
(<10 dB at the resonant frequency) [20]. Research works are also dedicated to the optimization of the back matching layer 
(backing) by choosing materials with acoustic impedance very close to that of the active element and having a high acoustic 
attenuation factor (e.g. porous ceramics) [21-22]. Recently, Hennenberg et al. proposed another alternative to reduce the 
mechanical cross-coupling through the backing by using a stop band material [23]. The proposed prototype is composed of a 
common backing with two bending elements (active and passive elements) bonded on top. In this case, the cross-coupling 
reduction is achieved by attaching local resonators on the downside of the backing. The optimal structure (backing with 
resonators having a length 9.4 mm) allowed the reduction of cross-coupling from -10.1 dB to -18 dB. Finally, in order to reduce 
cross-coupling due to the Printed Circuit Board (PCB) utilized to connect the transducer array elements, Celmer et al. [13] 
proposed some changes in the connection of electrodes and perforation of the elements of the PCB supporting elementary 
transducers. These studies contributed to the development of an enhanced version of ring arrays, where parasitic pulses caused 
by the electrical and mechanical cross-coupling are significantly reduced [15]. Concerning the second approach, previous 
studies [16, 24-25] provided a Finite Elements algorithm to adapt harmonic electrical voltages on each neighboring element of 
the active one in order to reduce the displacement field on their active surface. This method requires displacement 
measurements using a laser vibrometer or electrical measurements (impedance and current measurements). In the same context, 
Zhou et al. [26] developed another method using the transfer function matrix relating input voltages Vi to output pressures Pi in 
the case of transient excitations. In this case, the measurement precision of the elements' transfer function using a hydrophone, 
or other methods such as direct receive transfer measurement or pulse-echo technique [27], is limited. Therefore, the method is 
based on the transfer function calculated by FE, which is not perfectly matched to the real physical device. Finally, according 
to the last approach, an interesting solution concerns the processing of the digital signal obtained at the output of the acquisition 
chain by applying an adaptive filter to the noisy signal. Nguyen et al. [28] proposed a signal processing method based on the 
use of an adaptive cross-coupling filter using the Radon transform. The simulation and experiment results have shown the 
effectiveness of this adaptive filter to eliminate the noise due to cross-coupling. Ishihara et al. [29] proposed another solution 
combining techniques of spatially coded excitation and synthetic aperture to suppress cross-coupling artifacts in 
higher-frame-rate ultrasound imaging. The efficiency of the method is evaluated numerically assuming phased array scanning. 
In, this case, a satisfactory reduction of cross-coupling is obtained, i.e. from -37 dB to less than -57 dB.  
The aim of this paper is first, to highlight the cross-coupling effects in piezoelectric transducer arrays, numerically using 
2D and 3D Finite Elements Models (FEM) and experimentally by electrical impedance and displacement measurements. It 
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studies particularly the effects of the mechanical cross-coupling due to the filling material and points out the influence of the 
material losses. Secondly, since the correction method previously proposed in [16, 24] was performed only on transducer 
arrays vibrating in thickness mode, and by considering a plane strain approximation (uniform displacement along the length of 
the transducer array), our purpose is to test the validity of the correction method in the case of two transducer arrays vibrating 
in thickness and transverse modes. Concerning the transducer array vibrating in thickness mode (seven-element array), the 
piezoelectric elements are polarized in the thickness direction and the vibration is also obtained in the same direction [30-31]. 
Whereas, in the case of the transducer array vibrating in transverse mode (five-element array), the elements are polarized along 
with their thickness but the vibration is mainly obtained in the orthogonal direction (along the width of the element W) [32-33]. 
Finally, the objective of this study is also to demonstrate the ability of the correction method to reduce cross-coupling even 
when the displacement at the radiating surface of the transducer array is not uniform.  
The first section of this paper describes briefly the cross-coupling correction method and presents the fabricated 
prototypes. In the second section, numerical studies of cross-coupling are carried out in order to point out the influence of the 
mechanical losses of the filling material on the cross-coupling phenomenon and to test the correction method by using 2D and 
3D FEM. The last section is dedicated to the application of the correction method to two fabricated transducer arrays: 
five-element array vibrating in transverse mode and seven-element array vibrating in thickness mode. All the calculations are 
carried out at low frequency in order to compare them with the experimental results, thus facilitating the fabrication of the 
transducer arrays. 
2. General Description 
2.1.   Summary of the cross-coupling correction method 
The method of active cancellation of cross-coupling is already described in details in [16, 24], only the main equations 
and assumptions are briefly recalled here. The ultrasonic transducer arrays usually consist of even number of elementary 
transducers and that number is the power of 2. This is related to digital channel control. In order to get a full symmetry of the 
array and to simplify calculations and analysis, an odd number of transducers is assumed (2N-1 elements). Furthermore, each 
element of the transducer array is considered operating independently and that the energy radiated is derived from the linear 
summation of the energy contribution of each element. If the problem of cross-coupling due to the electrical excitation of each 
element can be solved, the required excitations and their associated cross-coupling cancellation signals can be superimposed to 
achieve the required beamforming effect. The beamforming task can, therefore, be separated from the cross-coupling task. 
Following the previous reasoning, it is possible to consider that the normal displacement of the i
th
 element ui when all array 
elements are electrically excited can be decomposed as the sum of the displacements due to each electrical excitation. It yields 
to: 
2N 1
j
i i
j 1
u u


 
 
(1) 
where 
j
i
u  corresponds to the normal displacement of the i
th
 element when an electrical voltage of 1V is applied to the j
th
 one. 
Indeed, since a linear relationship exists between the electrical voltage applied to each element and the resulting 
displacements, it is possible to reduce the cross-coupling due to the excitation of the kth element by solving the following 
system: 
2N 1
jk k
i j ii
j 1, j k
u (corrected) A  u  +u      =0     i k
                                                               for i=k
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where kjA  represent the electrical voltages (the unknowns of the problem) to apply to the neighboring elements of the k
th 
element in order to cancel the parasitic displacements. 
In the case of a harmonic excitation, the displacement 
j
i
u  can be expressed in the following form: 
j j jωt
i i
u C e
 
(3) 
where kiC  is a complex value considering the modulus and the phase of the displacement. Consequently, the resolution of the 
Eq. (2) leads to complex values of the electrical voltages kjA . 
2.2.   Fabricated prototypes 
In order to investigate the cross-coupling phenomenon and to test the correction method presented in subsection 2.1, two 
piezoelectric transducer arrays are fabricated (Fig. 1). 
 
 
(a) Five-element transducer array (b) Seven-element transducer array 
Fig. 1 Fabricated piezoelectric transducer arrays 
In both arrays, the piezoelectric elements are polarized along their thickness T, i.e. the electric field is applied in the 
thickness direction. The first prototype is composed of five elements having a thickness T=1 mm, a width W=3 mm and a 
length L=4.5 mm. Whereas the second one is composed of seven elements having the dimensions T=3.3 mm, W=0.7 mm, and 
L=37 mm. The piezoelectric elements utilized for both prototypes (five-element and seven-element transducer arrays) are 
made of PZ27 material (Ferroperm piezoelectric ceramic). The polymers used to fill the kerfs between the elements are 
respectively an epoxy resin for the first array and an Acrylic PLEXCIL resin for the second one. Concerning the five-element 
array, two parts of steel are bonded on each side in order to facilitate its handling. All material properties are listed in Table 1. 
It is important to precise that the dependence of the polymer’s viscoelastic properties (Young Modulus) on the frequency is not 
considered in this study. 
In order to obtain the most efficient conversion of the electrical energy into a mechanical one, we choose to excite each 
transducer at its natural resonant frequency. As the purpose is also to favor the normal displacement at the surface of the array 
elements, it leads naturally to the choice of transverse vibration resonance for the first prototype (five-element array) and 
thickness vibration resonance for the second one (seven-element array). The corresponding resonance frequencies can be 
calculated using the Eqs. (4-5) [12]: 
w
r5
N
F
W

 
(4) 
t
r7
N
F
T

 
(5) 
where Ni (i corresponds to “w” or “t”) is the frequency constant equivalent to the product of the resonance frequency and the 
dimension governing this latter. Ni is also equal to half the sound velocity in the same direction. 
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Table 1 Properties of PZ27, steel, and polymers [25] 
PZ 27 ceramic 
Polymer 1 
Epoxy 
Polymer 2 
Acrylic PLEXCIL 
Steel 
E
11S (10
-12
 Pa
-1
) 17 
Young 
Modulus E(GPa) 
2.5 
Young 
Modulus E(GPa) 
5.64 
Young 
Modulus E(GPa) 
210 
E
12S (10
-12
 Pa
-1
) -6.71 
E
13S (10
-12
 Pa
-1
)
 
-8.53 
E
33S (10
-12
 Pa
-1
) 23 
E
44S (10
-12
 Pa
-1
)
 43.47 
Poisson 
ratio µ 
0.36 
Poisson 
ratio µ 
0.329 
Poisson 
ratio µ 
0.33 
E
66
S (10
-12
 Pa
-1
) 47.42 
15
d (pC/N) 500 
31
d (pC/N) -170 
33
d (pC/N) 425 
Density 
ρ(kg/m3) 
1100 
Density 
ρ(kg/m3) 
1175 
Density 
ρ(kg/m3) 
7800 0
S
11 /   1130 
0
S
33 /   914 
ρ(kg/m3) 7700 
3. Numerical Study of Cross-Coupling 
3.1.   Cross-coupling effects 
To study the influence of the acoustical interactions in water (propagation medium in medical imaging applications) and 
the mechanical interactions due to the filling material on the performances of an element in a piezoelectric transducer array (the 
Transmitting Voltage Response (TVR), the surface displacement profile and the directivity pattern), the structure in Fig. 2 is 
modeled using Finite Elements Model (FEM) composed of isoparametric quadratic elements and using the ATILA code. This 
structure is composed of seventeen piezoelectric elements made of PZ27 ceramic bounded to each other by Acrylic PLEXCIL 
resin (filling material). The spacing between the elements (d) is chosen equal to 1.2 mm in order to respect the Nyquist criterion 
and to avoid grating lobes. Each element of the studied array has a thickness T=3.3 mm, a width W=0.7 mm and its length are 
chosen to be 37 mm long, with a Length-to-Thickness Ratio (L/T) of about 11.21, thus this length can be considered as infinite 
and a plane strain approximation assumed. The transducer array radiates in a fluid medium (water in medical imaging 
applications) meshed with isoparametric quadratic elements respecting the λ/4 criterion. This medium is limited by a 
non-reflecting surface Γe made up of dipolar elements that absorb the outgoing acoustic wave almost completely. Furthermore, 
only half the domain is meshed due to symmetry. 
 
Fig. 2 Schematic description of a seventeen-element transducer array radiating in water 
Firstly, in order to consider interactions between elements, the central element “1” is excited while the others are 
grounded. The filling material (Acrylic PLEXCIL) is assumed to have low mechanical losses (loss factor tanδ=E' / E=5 %; E 
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and E' are the real and the imaginary parts of Young Modulus). The calculation of the surface displacement at the resonance 
frequency 443 kHz (maximum of TVR) is shown in Fig. 3. 
 
 
(a) Displacement field (b) Normalized displacement amplitude 
Fig. 3 Seventeen element transducer array: displacement field and normalized amplitude 
This figure indicates that the excited element “1” vibrates in thickness mode and that parasitic displacements due to 
cross-coupling phenomenon are observed on the neighboring elements (2, 3,…9). It can be noticed from these results that 
important parasitic displacements are obtained particularly on the third neighboring elements 2, 3, and 4 (normalized 
displacement amplitudes about 0.4, 0.38, and 0.3). For this reason, it is decided in this paper to study transducer arrays 
composed of five and seven elements. 
In order to evaluate the effects of the filling material Loss Factor (LF=tanδ) on the transducer array performances (TVR, 
directivity pattern and displacement), the thickness resonant frequency is first determined by computing the TVR of five 
transducer arrays with different values of LF: 2%, 7%, 11%, 15%, and 20%. In reality, the loss factor tanδ=E' / E depends on 
the operating frequency. Nevertheless, in order to simplify the study, this dependence is not considered in our case. 
Consequently, the value of LF is assumed constant in the band frequency 300 kHz-600 kHz. The results obtained in this 
situation are given in Fig. 4. According to this figure, the resonant frequency Fr (maximum of TVR) is obtained at 443 kHz for 
all cases. It is also clear that the filling material with the highest LF reduces strongly the parasitic vibrations (particularly 
around the frequencies 335 kHz, 385 kHz, 415 kHz, and 770 kHz) at the expense of the TVR level which decreases as long as 
the LF of the filling material increases. 
 
Fig. 4 TVR of transducer arrays filled with resins having loss factors 2%, 7%, 11%, 15%, and 20% 
In order to show the influence of the LF on the directivity pattern of the transducer array and to choose the optimum value 
of the loss factor, the results obtained in the case of LF values 2%, 11%, 15%, 20%, 30%, and 40% are compared in Fig. 5. 
Firstly, it can be noticed that the directivity patterns are not omnidirectional (dashed curve) as in the case of a single 
element (reference case) but they present a main lobe in the direction 0° and other undesirable side lobes are obtained in the 
directions 20°, 43°, and 80°. This is due to the cross-coupling phenomenon which modifies the directivity pattern especially in 
the case of transducer arrays with a lossless filling material (tan(δ) ≤ 15%). This result allows concluding that as long as the LF 
increases the secondary lobes disappear and the cross-coupling decreases significantly. It can also be noticed that starting from 
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a loss factor 15%, the directivity pattern remains approximately unchanged. Thus, theoretically, this value of LF can be 
considered as an optimum value of loss factor. 
  
(a) tan(δ) 2% (b) tan(δ) 11% 
  
(c) tan(δ) 15% (d) tan(δ) 20% 
  
(e) tan(δ) 30% (f) tan(δ) 40% 
Fig. 5 Directivity pattern of some values of LF (solid line) compared to  
the single elements' one (dashed line) 
Fig. 6 confirms the previous result by comparing the normalized displacement amplitudes computed at the radiating 
surface of five transducer arrays with different filling material loss factors 2%, 7%, 11%, 15%, and 20%. It can be noticed that 
the displacement on the neighboring elements “2,” “4,” “6,” and “9” decreases rapidly in the case of high loss factors, e.g. 20%. 
Whereas, a weak reduction of displacement is observed on the elements “3” “5,” “7,” and “8.” In addition to this, it is important 
to notice that the displacement (speed) on the excited element “1” is also reduced as mentioned by Stytsenko [34]. Nevertheless, 
this reduction is weak compared to that of the parasitic displacements, particularly in the case of the elements “2,” “4,” “6,” and 
“9.” This result is not visible in Fig. 6 because it displays the normalized displacement amplitudes.  
 
Fig. 6 Normalized displacement amplitude of some values of filling material LF 2%, 7%, 11%, 15%, and 20% 
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Finally, it can be concluded from this study, that filling materials with high LF can be one of the solutions which 
contributes to the reduction of cross-coupling phenomenon. 
3.2.   Cross-coupling correction 
In our case, calculations carried out previously on a seventeen-element array demonstrated that only the elements nearest 
the excited one contribute to cross-coupling. For this reason, it is decided to test the cross-coupling correction method in the 
case of the seven-element array presented previously in subsection 2.2 (Thickness * Width * Length=3.3 * 0.7 * 37 mm
3
). The 
length L is firstly considered as infinite (because L/T ≈ 11.21 and  L/W ≈  52.5), thus a plane strain approximation is assumed 
(the normal displacement along the length of the elements is considered uniform) and 2D-FEM is utilized to check the validity 
of the correction method. In the second time, 3D-FEM considering the length of the elements is used in order to test the 
correction method in real conditions, i.e. the normal displacement along the length of the elements is not necessarily uniform. 
(1) 2D Finite Elements Model 
In this subsection, the seven element transducer array is modeled using 2D FE Model similar to the one of the 
seventeen-element array (subsection 3.1). In order to consider interactions between elements, the central element "1" is driven 
by an electrical voltage 1V while its neighboring elements are grounded (Fig. 7). 
 
Fig. 7 Schematic description of a seven-element transducer array radiating in water 
Fig. 8 displays the displacement field and the far-field directivity pattern computed at the thickness resonant frequency 
454 kHz. It is clearly observed from Fig 8(a) that the excited element “1” vibrates in thickness mode, and that parasitic 
displacements due to cross-coupling phenomenon are observed on the neighboring elements “2,” “3,” and “4” (normalized 
displacement amplitudes about 0.42, 0.39, and 0.61). The amplitude of the displacement on the element “4” is about half  that 
obtained on the excited element “1.” Consequently, this result denotes the importance of edge effects. 
The parasitic displacements disturb the far-field directivity pattern of the excited element as seen in Fig. 8(b). Firstly, it 
can be noted that the directivity pattern presents the main lobe in the direction ±20° instead of 0° (axial direction), and secondly, 
that other side lobe is obtained in the directions ±55° and ±85°. These results indicate clearly that cross-coupling disturbs the 
performance of the transducer array. 
  
(a) Displacement field (b) Directivity pattern: transducer array without 
correction (solid line) and single element (dashed line) 
Fig. 8 Numerical displacement field and directivity pattern 
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In order to reduce this parasitic phenomenon, electrical voltages 21A ( 0.2 0.46j)   , 
1
3A ( 0.34 0.29j)    and 
1
4A (0.25 0.27j)   calculated using the correction method explained previously in section 2.1, are applied to the neighboring 
elements “2,” “3,” and “4” respectively. The computed displacement field and directivity pattern are shown in Fig. 9. This 
latter indicates clearly that the application of electrical voltages to the neighboring elements reduces the parasitic 
displacements and improves the directivity pattern of the array. Hence the maximum pressure is obtained in the axial direction 
(near 0°) and the result obtained is similar to that of a single element. Finally, the numerical results demonstrate the ability of 
the technique to reduce cross-coupling. 
  
(a) Displacement field (b) Directivity pattern: transducer array with correction 
(solid line) and single element (dashed line) 
Fig. 9 Numerical displacement field and directivity pattern 
(2) 3D Finite Elements Model 
In order to test the correction method in real conditions, i.e. considering the length of the transducer array elements a 
3D-FE Model composed of isoparametric hexahedral elements is developed using the ATILA code. In this study, only half the 
domain is meshed due to symmetry. The schematic description of the modeled seven-element array is shown in Fig. 10. 
 
Fig. 10 Schematic description of a seven-element transducer array 
Firstly, the central element “1” is excited at its resonant frequency while its neighboring elements “2,” “3,” and “4” are 
grounded. Fig. 11(a) displays the normal displacement amplitude in different points xi (Fig. 10) along the length of each 
element of the transducer array. As expected the numerical results indicate the presence of important parasitic displacements 
on the passive elements  “2,” “3,” and “4” due to cross-coupling phenomenon. In addition to this, the displacement obtained at 
the surface of the array elements is not uniform as assumed in 2D-FEM. In this situation, the normal displacement depends on 
the position x due to the finite length of the elements (L=37 mm). In order to reduce cross-coupling phenomenon, the electrical 
voltages 
1
jA (j 2,3,4)   calculated previously in the case of 2D-FEM are applied to the neighboring elements “2,” “3,” and 
“4” respectively. Fig. 11(b) represents the normal displacement amplitudes obtained at the surface of the transducer array 
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elements. The comparison of the results obtained before and after cross-coupling correction indicates the ability of the method 
to reduce the parasitic displacements even when the normal displacement along the length of the array elements is not uniform. 
It can also be observed in Fig. 11(b) that the amplitude of the excited element is also reduced, but remains superior to that of the 
parasitic displacements. This reduction is due to the minimization of the parasitic displacements contribution to the total 
displacement obtained on the excited element “1.” Consequently, the minimization of the cross-coupling improves the 
directivity pattern of the transducer array at the expense of the TVR level which is reduced. 
  
(a) Without cross-coupling correction (b) With cross-coupling correction 
Fig. 11 Normalized displacement amplitude at the surface of the array elements 
4. Experimental Results 
In this section, the cross-coupling correction method is tested experimentally on the fabricated transducer arrays: 
five-element array vibrating in transverse mode and seven-element array vibrating in thickness mode (details are given in 
subsection 2.2). The proposed experimental setup to measure the displacement at the surface of the transducer arrays is 
composed of low-frequency generators (Agilent 33250A) used to excite the array elements around their resonance frequency. 
Displacement at different points on the array is achieved using a Polytech psv400 laser vibrometer controlled by a computer. 
4.1.   Five-element transducer array 
The cross-coupling correction method is first tested in the case of the five-element transducer array described in 
subsection 2.2 (T*W*L=1*3*4.5 mm
3
). Foremost, in order to consider, the interactions between the array elements 
(cross-coupling), the central element "3" is excited at its resonant frequency 235 kHz while its neighboring elements are 
grounded. The normal displacement measured in the middle of the transducer array elements (“1,” “2,” “3,” “4,” and “5”) is 
compared to the numerical result obtained using FE as shown in Fig. 12. First, a good agreement is observed between 
measurement and simulations. Second, parasitic displacements are obtained on the neighboring elements “1,” “2,” “4,” and “5”. 
This result corresponds to the cross-coupling phenomenon which should be reduced. 
 
Fig. 12 Normalized displacement amplitude obtained on each element of  
the transducer array before cross-coupling correction 
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Fig. 13 Normalized displacement amplitude obtained on each element of  
the transducer array after cross-coupling correction 
In order to reduce cross-coupling phenomenon, electrical voltages 
3
jA (j 1,2,4,5)   calculated using the correction 
method described in subsection 2.1 are applied to the neighboring elements “1,” “2,” “4,” and “5” respectively. The normal 
displacement amplitude measured on the transducer array elements (“1,” “2,” “3,” “4,” and “5”) is compared to the numerical 
one as shown in Fig. 13. This latter indicates a good agreement between simulation and experiment. In addition to this, the 
comparison of the results obtained before (Fig. 12) and after cross-coupling correction (Fig. 13) demonstrates clearly the 
ability of the method to reduce the parasitic displacements, i.e. cross-coupling. 
4.2.   Seven-element transducer array 
The seven-element transducer array described previously in subsection 2.2, i.e. having the dimensions T * W* L = 3.3 * 
0.7 * 37 mm
3
 and vibrating in thickness mode is also characterized experimentally by electrical and mechanical measurements. 
Firstly, electrical impedance measurements are realized on the transducer array elements (“1,” “±2,” “±3,” and “±4”) in order 
to check the quality of the fabrication process (symmetry of the transducer array) and to show the presence of cross-coupling in 
this kind of transducer arrays. In this study, the elements “1,” “±2,” “±3,” and “±4” correspond respectively to the central 
element (the element situated in the middle of the transducer array) and its first, second and third neighboring elements. Each 
element is connected to an impedance analyzer while its neighboring elements are connected to the ground by 50 Ω resistors. 
Fig. 14 compares the electrical impedance curves obtained with that of a single piezoelectric element having the same 
dimensions. After analysis, different conclusions can be made. Firstly, in both cases (single element and transducer array 
elements), it can be easily observed the presence of two thickness modes: a fundamental thickness mode around the frequency 
Fr = 500 kHz and it's harmonic around the frequency Fr = 1.55 MHz. A frequency shift can also be seen between the resonance 
(minimum of electrical impedance) and anti-resonance (maximum of electrical impedance) frequencies, obtained in the case of 
a single element (element isolated from the others) and the result measured when the element is bounded to the others. 
Therefore, the presence of neighboring piezoelectric elements shifts the thickness resonance and anti-resonance frequencies to 
higher ones. In addition to this, the magnitude of electrical impedance measured on the array elements “1,” “±2,” “±3,” and 
“±4” is lower than that measured of the single element. This result is due to acrylic resin utilized to attach the transducer array 
elements to each other. This filling material introduces mechanical losses which decrease the impedance magnitude. From Fig. 
14 (b) it can be observed that the electrical impedance curves of the elements “2” and “-2”, “3” and “-3”, “4” and “-4” are 
similar, which indicates a good symmetry of the elements and validates the fabrication process. From the same figure, it can be 
seen that the resonance frequency (minimum of electrical impedance) can be easily distinguished in the case of the single 
element (Fr = 454 kHz). Whereas, in the case of the transducer array elements “1,” “±2,” “±3,” and “±4” several parasitic 
vibrations are obtained around this frequency making it difficult to distinguish. These parasitic vibrations correspond to 
cross-coupling (undesired interactions between the array elements), which change the individual element electromechanical 
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behavior and thus decreases the transducer array performance. Finally, the comparison of the electrical impedance curves of 
the elements “1,” “±2,” “±3,” and “±4” shows a frequency shift between the anti-resonance frequencies. In this situation, the 
elements away from the central one “1” tend to have the same anti-resonance frequency than that of the single element. 
 
1 2 3 4-2-3-4
 
(a) Thickness resonant mode and it's harmonic (b) Thickness resonant mode 
Fig. 14 Electrical impedance magnitude measured on the transducer array elements “1,” “±2,” “±3,” and “±4” 
In order to evaluate the cross-coupling effects, displacement at different points on the transducer array is achieved using a 
Polytech psv400 laser vibrometer controlled by a computer. Figure 15 shows the displacement measured at the surface of the 
transducer array when the central element “1” is excited by a sinusoidal signal having a frequency 481 kHz (thickness 
resonance frequency) and a magnitude 1V,  and its neighboring elements grounded. It is clearly observed from this figure that 
the driven element vibrates mainly in thickness mode, but the displacement is not completely the same in all points, 
particularly near the edges. Furthermore, the cross-coupling phenomenon is observed by the presence of parasitic 
displacements on the passive elements, i.e. elements “±2,” “±3,” and “±4”. In addition to this, due to the limited number of 
elements in the transducer array (seven elements), the parasitic displacement measured on the third elements “±4” is significant 
compared to the one obtained on the elements “±2” and “±3.” In other words, the edge effects are not negligible. 
 
Fig. 15 Displacement measured at the surface of the transducer array at the resonance frequency 481 kHz 
In order to check the validity of the 3D-FEM introduced in subsection 2.3, the normal displacement computed in different 
points xi (Fig. 10) along the length of the excited element “1” and its first neighboring element “2” is compared to the measured 
one in Fig. 16. First of all, a good agreement is obtained between numerical and experimental results. As expected both of them 
to show a dominant thickness mode (important displacement on the excited element “1”), and significant parasitic 
displacements on the passive elements “2” and “-2.” In addition to this, the displacement at the surface of the elements is not 
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uniform due to the finite length of the elements (L=37 mm). Furthermore, some differences are observed between the 
displacement measured at the surface of the first neighboring elements “2” and “-2” due to small defects in the fabricated 
transducer array (small dissymmetry). 
Finally, in order to reduce cross-coupling phenomenon, electrical voltages calculated using the correction method are 
applied to the neighboring elements. In order to avoid edge effects, which are significant in our case, the study is limited to the 
first “±2” and second “±3” neighboring elements. The third neighboring elements “±4” remain connected to the ground. The 
normal displacement amplitude measured in the middle of the transducer array elements before and after cross-coupling 
correction is compared in Fig. 17. It is clearly observed that the parasitic displacements on the neighboring elements have been 
reduced significantly by applying the correction voltages, which demonstrates the ability of the correction method to reduce 
cross-coupling phenomenon (more details can be found in our previous work [16]). 
 
Fig. 16 Displacement amplitude obtained on the elements “1,” “2,” and “-2” 
 
Fig. 17 Normalized displacement amplitude in the middle of the array 
5. Conclusions 
In this paper, cross-coupling in piezoelectric transducer arrays is analyzed numerically using 2D and 3D Finite Elements 
Models and experimentally by electrical impedance and displacement measurements. Firstly, the influence of the filling 
material losses on the performance of a seventeen-element transducer array is studied. Secondly, in order to minimize 
cross-coupling in the studied transducer arrays, the correction method performed previously in the case of the transducer arrays 
vibrating in thickness mode, is tested using 3D-FEM considering the real length of the transducer array. The proposed 
technique is then extended to a transducer array vibrating in transverse mode. The results obtained have shown that a filling 
material with a high loss factor (tanδ ≥ 15%) contributes significantly to the reduction of cross-coupling. The ability of the 
correction method to reduce cross-coupling is also demonstrated even when the displacement at the radiating surface of the 
transducer arrays is not uniform. 
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